In this paper, a control strategy is proposed for an interface which is connected between a microgrid and main grid. The interface is based on an active power filter configuration of series connection. The proposed control strategy allows mitigating of current harmonics and reduction of voltage unbalances that may appear at the microgrid side and/or at the network side. The proposed strategy was verified by simulation. To do this, a simulation platform based on MATLAB-Simulink was developed. The interface was subjected to voltage unbalances and current harmonics produced at the microgrid side and main grid side. The results obtained demonstrate the validity of the designed interface with the proposed strategy.
Introduction
Nowadays most electrical equipment are connected to the mains through a power electronic converter. The objective of this interface is to control the power injection/consumption of the electrical device, depending on whether it is a load or a source.
On the other hand, it is becoming more common to connect microgenerators to distribution network resulting in the so-called distributed generation (DG). The increase in nonlinear loads connection and penetration of distributed generation systems based on power electronics may introduce power quality issues to the distribution power system, such as harmonics, protection interferences, voltage regulation problems, etc.
Microgrids are proposed to isolate the problems associated with distributed generation. A microgrid is a local grid consisting of distributed generators, energy storage systems and dispersed loads, which can operate in either grid-connected or islanded modes [1] .
Two of the most important problems in microgrids are related to harmonics and voltage unbalances. The first one is due to the connection of loads and microgenerators that use power electronic converters. The second one is due mainly to many of the equipment, which are connected to the microgrid, are low power, so they usually are single-phase, as a consequence, voltage unbalances in the side of the microgrid are produced.
To mitigate these problems of lack of quality in microgrids are proposed different solutions. Some of them are based on improving the functioning of the converters that connect equipment of DG to the network [2, 3] . Other proposals are based on the use of power quality compensator [4, 5] which integrate generation units with the capacity to active power filter such that two different controllers are included for the power converter, one for injection of power into the network and another for the quality improvement. On the other hand, when the microgrid is connected to the public network, it should not cause disturbances to the rest of the system, so that a connection interface between the microgrid and the main grid is necessary to avoid these issues. These interfaces are based on a configuration of series-parallel active power filter [6] .
In this paper is proposed the use of a series active power filter as an interface between microgrid and main network. The active filter was controlled to compensate voltage unbalances and mitigate current harmonics. The proposed strategy was verified by simulation. To do this, a simulation platform based on MATLAB-Simulink was developed. The equipment was subjected to voltage unbalances and current harmonics produced at the microgrid side and main grid side.
Control strategy
The interface consist of a inverter connected in series with the system between main grid and microgrid. Fig. 1 shows the general scheme, where the main network is represented by its Thevenin equivalent and the microgrid by a set of source and nonlinear load.
The series APF consists of an inverter bridge of IGBTs. At the ac side a ripple filter is connected, which allow the high frequency components to be eliminated. Connection to the system is done with coupling transformers.
The objective of the proposed control strategy is to avoid transferring of voltage unbalances and current harmonics from the main grid to microgrid or from microgrid to main grid. Thus, the inverter must generate a compensation voltage such that at the network side, voltage unbalances are not transmitted to the microgrid and viceversa. Furthermore, the generated harmonic currents should not be transferred between two networks. Therefore, two control loops will be designed: one to compensate voltage unbalances and another to mitigate current harmonics.
A. Voltage unbalance compensation
The direct sequence component of voltage vector of the "a" phase can be calculated by means of the following expression
Where v a , v b and v c are the components of the voltage vector and a operator is defined as
, what supposes a 120º phase shift. This operator can be implemented by an all pass filter, [7] .
Once (1) is applied, the Fortescue inverse transformation allows voltage vector of direct sequence component to be obtained. It is calculated by means of the expression
Where, v a + , v b + and v c + are the components of the direct sequence voltage vector for each phase.
These components are obtained at the main network side (v PC ) and at microgrid side (v m ). So, the compensation voltage vector (v c ) will be calculated by
B. Current harmonic compensation
To mitigate the current harmonics, the inverter is controlled to present zero impedance at the fundamental frequency and high impedance at the frequencies of the load harmonics. For it, the compensation voltage will be proportional to the current harmonics
Where k is the proportionality constant. (4), the current is given by
According (5), the h order harmonic of the current can be mitigated when k has a high value, ideally k should be infinite, however, in the practice it is enough when k>> Z PCh +Z mh to the most significant harmonics.
Simulation results
A model for the circuit shows in Fig. 1 was developed in MATLAB/Simulink. Main network and microgrid was modeled by its Thevenin equivalent. For the inverter model was used the SymPowerSystem library. The proposed control was applied and the system was subjected to disturbances at the network side and microgrid side. Fig. 3 shows the power system scheme. The values of the passive elements are included in Table  I .
The main grid impedance is considered less than microgrid impedance. This is intended to consider the microgrid weaker than the main grid. The system was subjected to different tests in two different situations. In one, the power flow is from the main grid to the microgrid, and in the other, the microgrid is what gives power to the main grid.
Among all the tests performed, in this paper are only presented the results of two different network situations:
 Test 1. The voltages at the main network side have an unbalance of 25% and further have a 5 th order harmonic of 12% of the fundamental harmonic. In this case, the power flow is from the main grid to microgrid.
 Test 2. The voltages at the microgrid side have an unbalance of 25% and contain a 5 th order harmonic of 12% of the fundamental harmonic. In this test, power flow is considered from the microgrid to the main grid.
A. Test 1. Disturbance at the main grid.
In the first test, the main grid voltage contains a 5 th order harmonic of 12% and a negative sequence component of 25%. Fig. 4 shows the waveforms of the voltage at the point of common coupling and the current before connecting the inverter.
When the interface is connected, it is obtained the waveform of the voltages at the main grid side and at the microgrid side shown in Fig. 5 . The proposed control strategy was applied to the inverter. The proportionality constant defined in (4) was fixed in 50. The unbalance factor was calculated, being its value of 5.2 %. This represents a significant reduction of voltage unbalance; however, it is not completely eliminated. It is due to the current system is unbalanced, resulting in different voltage drops across the equivalent impedances in each phase. This current unbalances cannot be compensated with a series topology, so these slight unbalance voltage that depends on the current unbalance will always be present.
On the other hand, taking into account the "a" phase, the current THD is reduced from 24.6% to 4.9%. This reduction is even higher in the other phases. Therefore, it is possible to state that the interface "isolates" the microgrid from the main grid harmonics. Table II A similar analysis can be performed with respect to the harmonics of the voltage. The results shown in Fig. 5a and 5b illustrate how the interface "isolates" the microgrid of the voltage harmonics from the main grid.
B. Test 2. Disturbance at the microgrid
In this test, the voltages at the microgrid side have an unbalance of 25% and contain a 5 th order harmonic of 12% of the fundamental harmonic. At the main grid side, the voltages are balanced and sinusoidal. Fig. 6 shows the waveform before to connect the interface. Voltages and currents present a waveform no sinusoidal, with the 5 th harmonic as most significant. The Table III shows the main results of rms values and THD of voltages and currents.
After, the interface is connected to the system with the control strategy proposed. The proportionality constant was fixed in 50. The voltage and current waveforms are shown in Fig. 7 . Voltage at the main grid and current are almost sinusoidal. However, the voltages at the microgrid side are strongly distorted. Therefore, the interface isolates the main grid of harmonics generated in the microgrid side.
Respect to the voltage unbalance, with the proposed control is possible to reduce it. The calculated value of unbalance factor is of 3.8 %. It is an important reduction however, as it occurred in test 1, its value is not null. This is justified by the current unbalance that causes an unbalance in the voltages due to drops in system impedances. These cannot be avoided with an interface topology of series connection.
Conclusion
In this paper, the connection of an interface between a microgrid and main network is proposed. This equipment has a topology based on a series active filter configuration. In addition, a control strategy is proposed to control the inverter interface. The control objectives to be addressed were: Thus, the interface must generate a compensation voltage such that at the network side, voltage unbalances are not transmitted to the microgrid and viceversa. Furthermore, the generated harmonic currents must not be transferred between two networks. Two control loops were designed: one to compensate voltage unbalances and another to mitigate current harmonics. The first one is based on calculating the direct sequence components of the voltages at the main grid side and microgrid side. The second one is based on generating a proportional voltage to current harmonics.
To verify the operation of the equipment, a simulation platform based on MATLAB/Simulink was designed. The equipment was subjected to unbalances and harmonics of voltage and current produced at the microgrid side and main network side. The simulation results demonstrate the validity of the designed interface with the proposed strategy.
